This work presents a hybrid position-force control of robots for surface polishing using task priority. The robot force control is designed using sliding mode ideas in order to benefit from its inherent robustness and low computational cost. In order to avoid the chattering drawback typically present in sliding mode control, several chattering-free controllers are evaluated and tested. A distinctive feature of the method is that the sliding mode force task is defined using not only equality constraints but also inequality constraints, which are satisfied using conventional and nonconventional sliding mode control, respectively. Moreover, a lower priority tracking controller is defined to follow the desired reference trajectory on the surface being polished. The applicability and the effectiveness of the proposed approach considering the mentioned chattering-free controllers are substantiated by experimental results using a redundant 7R manipulator.
Introduction
Continuous advances in the manufacturing sector imply that processes are progressively being partially or fully automated. The inclusion of flexible machinery such as industrial manipulators together with advanced sensing capabilities (cameras, force transducers, etc.) has allowed step improvements in terms of cycle times, operator safety, and comfort, as well as in the quality of the end product over more traditional hand-made methods.
One of the least automated processes is the quality control of surfaces [1] . This is primarily attributed to the fact that automated processes remain elusive in meeting strict requirements when it comes to short cycle time, low cost, and the high quality achieved in other manufacturing industries [2, 3] . As such, surface treatment operations and quality control continue to be mainly a manual process being carried out by skilled workers, which give rise to issues such as subjectivity in the evaluation criteria and human errors.
It is the view behind the contribution in this paper that the task of automatically eliminating product anomalies from a given surface can be handled automatically by incorporating robotic systems equipped with the appropriate sensing and intelligent controls. Since the robot tool has to be in contact with the product surface to apply a specific treatment (e.g., polishing, deburring, roughing, and grinding), both the tool position and the exerted forces have to be moderated. Moreover, the tool must be kept perpendicular to the surface at all times to homogenize the pressure on all contact points [4] . Many approaches can be found in the literature tackling this problem using robot manipulators with force feedback, e.g., see Refs. [5] and [6] , among others. Other robot force control approaches are based on sliding-mode control (SMC) theory [7, 8] .
This paper addresses the problem of robot surface treatment using a hybrid position-force approach: force control is performed using SMC in order to benefit from its inherent robustness and low computational cost, whereas position control is performed using a conventional continuous tracking controller. The proposal presents several distinctive features and innovations:
(i) Instead of the classical compliance vector [9] , this work uses a task priority scheme to combine the force and position controllers. The advantage of this approach is that it allows the inclusion of other objectives besides tracking reference forces and positions. (ii) Beyond the more traditional equality constraints being considered in SMC to undertake surface treatment [10] (i.e., to keep the desired tool pressure on the surface and to keep the tool perpendicular to the surface), an inequality constraint is also incorporated. This inequality constraint becomes active when the robot tool makes contact with obstacles or protrusions on the surface and the sensed forces then exceed user-specified thresholds. Thus, the fulfillment of this inequality constraint allows to compliant the tool position to the obstacles that may be encountered on the surface during the treatment. (iii) The inclusion of inequality constraints in mathematical and engineering problems is nothing new. For instance, optimization problems typically maximize or minimize an index subject to both equality and inequality constraints. Recently, this type of problems has been solved in the literature using the so-called barrier functions, see Refs. [11] and [12] , among others. In this sense, the equality and inequality constraints proposed in this work could be easily solved analytically if a complete and accurate process model is available. However, in this work, it is proposed to use conventional SMC and a novel nonconventional SMC to fulfill these constraints in order to benefit from their inherent robustness and low computational cost, as mentioned earlier. (iv) One typical problem of conventional SMC is the chattering drawback. Since this phenomenon depends directly on the sampling frequency, one way to alleviate it is to increase the system sampling rate in order to obtain smoother control actions. However, on the one hand, industrial manipulators tend to operate at relatively low control rates, typically over 1 ms, and on the other hand, sensors such as force/torque transducers have significant signal noise which is exacerbated at high sampling rates. Due to these facts, a number of alternatives have been proposed in the literature to obtain a so-called chattering-free SMC without the need to increase the system sampling rate. These approaches are typically based on softening the discontinuous control law or using a dynamical or highorder SMC [13, 14] . Therefore, several chattering-free alternatives are evaluated and comparatively tested for the robot task tackled in this work not only for the conventional SMC but also for the nonconventional SMC in order to alleviate the chattering drawback.
It is worth noting that force control tasks have been typically tackled in robotics using the classical impedance/admittance control, see Refs. [15] and [16] , among others. These approaches transform the force values measured by the sensor attached to the robot end-effector to a continuous velocity signal that is commanded to the joint controllers of the robot in order to move the robot end-effector. The approach proposed in this work is similar, except that instead of a continuous velocity signal, a discontinuous acceleration signal is considered.
The paper is organized as follows: Sec. 2 introduces some preliminaries, while Sec. 3 presents the conventional and nonconventional SMCs used in this work. The proposed approach is presented in Sec. 4, while its feasibility and effectiveness are substantiated by experimental results in Sec. 5 using a redundant 7R manipulator. Finally, some conclusions are given.
Preliminaries
Kinematics. The robot pose p and configuration q, and their derivatives, are related by the following equations:
where l and J are the kinematic function and Jacobian matrix of the robot, respectively.
Robot Control. This work assumes the existence of a lowlevel robot controller in charge of achieving a particular joint acceleration from the commanded acceleration € q c and that its dynamics is fast enough compared to that of € q c . Hence, the relationship
holds approximately true, where d c represents inaccuracies due to disturbances. Note that the dynamic model of the robot system should be taken into account to properly design the mentioned underlying joint controller.
Task-Priority Scheme. The task-priority strategy [17] allows to tackle several objectives simultaneously assigning an order of priority to each one. Let us consider M tasks which consist in calculating the commanded joint acceleration vector € q c to fulfill the following equality constraints:
where matrix A i and vector b i of the ith task are assumed known and index i represents the priority order (i ¼ 1 for highest priority).
The solution € q c;M that hierarchically minimizes the error of equations in Eq. (5) is given by [18] 
where I and 0 denote the identity matrix and the zero column vector, respectively, of suitable size, superscript † denotes the Moore-Penrose pseudoinverse, and € q c;i and N i are the solution vector and null-space projection matrix, respectively, for the set of first i tasks.
Sliding Mode Control
This section presents the SMC algorithms considered in this work: on the one hand, a conventional SMC is used to satisfy equality constraints and, on the other hand, a nonconventional SMC is proposed to satisfy inequality constraints. Figure 1 shows a graphical two-dimensional example to illustrate both approaches.
Conventional Sliding-Mode Control to Satisfy Equality
Constraints. For conventional SMC (see Fig. 1, left) , the state space of the system is divided into two regions, A and B, separated by the sliding surface. The value of the control action u when the system state is in region A is such that it "pushes" the system into region B, namely u B . Analogously, when the system state is in region B, the value of control action is such that it pushes the system into region A, namely u A . Hence, regardless of whether the system starts in region A -x A (0), or B -x B (0), it evolves to the sliding surface in what is referred as reaching mode [19] . Once the system has reached the sliding surface, the system is kept on it by a control action u that switches between u A and u B at a theoretically infinite frequency, which is known as sliding mode (SM) [19] . A continuous equivalent control [20] can be obtained for the SM phase, i.e., the control required to keep the system on the sliding surface. Hence, SMC produces such control action without explicitly computing it and with low computational cost, which is a typical advantage of SMC strategies [20] .
The theorem below presents a conventional SMC designed to satisfy equality constraints, expanded here for completeness: THEOREM 3.1. Consider the following dynamical system with n x states and n u inputs given by
where x(t) is the state vector, d(t) is an unmeasured disturbance or model uncertainty, u(t) is the control input vector (possibly discontinuous), f is the so-called drift vector field, and g ¼ ½g 1 … g nu , where g i is a control vector field. Consider also that the system state vector x is subject to equality constraints / eq;i ðxÞ ¼ 0; i ¼ 1; …; N eq , where / eq,i (x) is the ith equality constraint function. Thus, the region U eq of the state space compatible with the constraints on state x is given by U eq ¼ fxj/ eq;i ðxÞ ¼ 0g (9) with i ¼ 1,…, N eq . Then, assuming that the constraint functions / eq,i are differentiable, the control action u that fulfills the variable structure control below guarantees that the system converges to U eq in finite time and remains there henceforth
where / eq is a column vector with all the constraint functions / eq,i , the scalar L f / eq;i ¼ ð@/ T eq;i =@xÞf and the row vector L g / eq;i ¼ ð@/ T eq;i =@xÞg denote the Lie derivatives of / eq,i (x) in the direction of f and in the direction of g, respectively, column vector L f / eq contains the elements L f / eq,i of all equality constraints, matrix L g / eq contains the row vectors L g / eq;i of all equality constraints, sign(Á) represents the sign function (typically used in SMC), positive scalar u þ eq is the so-called switching gain, which can be either constant or varying in time, W eq is a diagonal matrix representing the switching gain weights for the constraints, k Á k 1 represents the 1-norm (also known as the Taxicab norm), and function diag min (Á) computes the minimum value of the diagonal elements of a matrix.
Proof. The proof can be obtained straightforward from Proof 2.1 in Ref. [20] and its generalization. Details omitted for brevity.
Nonconventional Sliding-Mode Control to Satisfy
Inequality Constraints. The nonconventional SMC proposed in this work is graphically represented in Fig. 1 (right) and is used to satisfy inequality constraints. In this case, the state space of the system is divided into the non-allowed region A and the allowed region B, which are separated by the constraint boundary. Similar to conventional SMC, when the system state is in the nonallowed region A, the control action u ¼ u B pushes the system into the allowed region B. But in contrast to conventional SMC, when the system state is in the allowed region B, no control action is applied, i.e., u ¼ 0. Hence, if the system starts in region A, i.e., x A (0), it evolves in reaching mode to the sliding surface. Nevertheless, when the system starts in the allowed region B, the system state can "freely" evolve according to some other criterion, e.g., a control law for reference tracking. Therefore, only when the state trajectory tries by itself to leave the allowed region, the nonconventional SMC will make u switch between 0 and u B at a theoretically infinite frequency, which can be seen as an ideal SM behavior [19] .
The theorem below presents the proposed nonconventional SMC in order to satisfy inequality constraints: Theorem 3.2. Consider the dynamical system given by Eq. (8) and consider also that the system state vector x is subject to inequality constraints / in;i ðxÞ 0; i ¼ 1; …; N in , where / in,i (x) is the ith inequality constraint function. Thus, the region U in of the state space compatible with the constraints on state x is given by U in ¼ fxj/ in;i ðxÞ 0g (12)
Then, assuming that the constraint functions / in,i are differentiable, the control action u that fulfills the variable structure control below guarantees that the system converges to U in in finite time and remains there henceforth:
where function v2 dm(Á) converts a vector into a diagonal matrix, function pos(Á) represents the positive function (i.e., pos(x) is equal to 0 if x < 0 and equal to 1 if x > 0), / in is a column vector with all the inequality constraint functions / in,i , matrix L g / in contains the row vectors L g / in;i of all inequality constraints, the scalar L f / in;i ¼ ð@/ T in;i =@xÞf and the row vector L g / in;i ¼ ð@/ T in;i =@xÞg denote the Lie derivatives of the inequality constraints in the direction of f and in the direction of g, respectively, positive scalar u þ in is the switching gain, W in is a diagonal matrix representing the switching gain weights for the inequality constraints, L f / a in;i is used to represent the active inequality constraints, i.e., those with / in,i ! 0, and N a is the number of active inequality constraints.
Note that the expression v2dmðposð/ in ÞÞ on the left side of Eq. (13) is used to obtain the trivial scalar equation 0 ¼ 0 for the nonactive inequality constraints (i.e., those with / in,i < 0) and, hence, no degrees-of-freedom of the system are used by these constraints.
Note also that pos(Á) is a commutation function that plays the same role as the sign function sign(Á) typically used in conventional SMC [21] . Hence, while by definition, the values of pos(x) and sign(x) fall within the intervals [0, 1] and [À1], respectively; at the commutation point x ¼ 0, they are actually indeterminate. Although it is unlikely that x equals exactly zero, to be conservative, pos(0) ¼ 1 will be used in order to guarantee the fulfillment of the inequality constraints.
Proof. First, the inequality constraint vector is partitioned into two subvectors
T , where the first subvector is composed of the N a active inequality constraints (i.e., those with / in,i ! 0) and the second subvector of the remaining N in À N a nonactive inequality constraints (i.e., those with / in,i < 0).
Assuming that / a in ð0Þ > 0, the goal of this proof is to show that convergence to point / a in ¼ 0 is achieved in finite time. The column vector _ / in composed of the constraint function derivatives _ / in;i is given by
Premultiplying Eq. (15) by v2dmðposð/ in ÞÞ and substituting Eq. (13) yields
where z in is a column vector with the ith-component 
Substituting Eq. (16) in Eq. (17) yields
Since z na in ¼ 0 and the components of vector z a in range from 0 to 1, the upper bound of the first term in Eq. (18) is given by z
Since u þ in is a positive scalar and matrix W in is positive definite, the second term in Eq. (18) is negative and its upper bound is given by
because if vector / nb in is not empty at least one component of vector z in is equal to 1.
From Eqs. (19) and (20), the upper bound of the time derivative of the Lyapunov function V results in (14), the Lyapunov function decays at a finite rate, it vanishes and collective SM in the intersection of the n a active inequality constraints occurs after a finite time interval.
3.3 Sliding-Mode Control to Satisfy Both Equality and Inequality Constraints. Combining the results of Secs. 3.1 and 3.2, the SMC to satisfy simultaneously both equality and inequality constraints is given by
where u þ is the switching gain for the global SMC, whose lower bound is given by
3.4 Modified Constraints. Approaching the constraints at high speed is not advisable because, in general, large joint accelerations € q would be required to slow down the robot motion in order to keep it on the constraint manifold. Therefore, the actual constraints r eq,i and r in,i will be modified to include the speed of movement as follows:
where K eq,i and K in,i are free design parameters that determine the rate of approach to the equality constraint manifold and to the boundary of the inequality constraint, respectively.
3.5 Chattering-Free Sliding Mode Control. Discrete-time implementations of the above SMC make the system leave the ideal SM and oscillate with finite frequency and amplitude inside a band around / ¼ 0, which is called chattering [19] . Several approaches can be found in the literature [22, 23] to theoretically avoid this drawback, as discussed below. However, it is interesting to remark that these approaches smooth the SMC behavior and, hence, they may bring issues like "drift." 3.5.1 Softened Discontinuous Control. The chattering issue can be reduced by softening the discontinuous control part by a continuous approximation. Two typical options used in the literature for this purpose are the saturation and the hyperbolic tangent functions [19] . In particular, this work considers the following continuous approximations for the discontinuous terms on the right side of Eq. (22):
where tanh Á ð Þ is the hyperbolic tangent function, tanhp(Á) is the positive hyperbolic tangent function, i.e., tanhp(x) is equal to tanh x ð Þ if x ! 0 and 0 otherwise, and K ss and K sp are the softening parameters that establish the smoothness of the commutation.
Dynamical Sliding Mode
Control. The chattering drawback can also be avoided using a dynamical or high-order SMC.
In particular, instead of using the first-order SMC given by Eq. (22) together with the modified constraints given by Eqs. (24) and (25), a second-order SMC can be used. However, this option only applies for the equality constraints since the SMC for the inequality constraints is only active for certain periods (see Fig. 1 ) and, hence, it makes no sense to use a dynamical control law, i.e., a control law with memory.
This work considers three typical second-order SMCs for the equality constraints: quasi-continuous [24] , twisting [25] , and super-twisting [26] . In particular, the discontinuous term sign / eq À Á of the equality constraints on the right side of Eq. (22) is replaced by
where K qc , K t , and K st are the design parameters of the quasicontinuous, twisting, and super-twisting SMC algorithms, respectively.
Method
4.1 Overview of the Method. The following three prioritized tasks are considered:
The first level (high-priority task) includes the equality and inequality constraints that must be satisfied at all times to properly accomplish the treatment on the surface with the robot tool. In particular, equality constraints are defined to exert the desired pressure between the tool and the surface being treated, and to keep the tool orientation perpendicular to the surface. Moreover, an inequality constraint is defined to make the tool compliant with respect to any surface obstacles (e.g., protrusions, screws, and nuts) when applying the treatment. The second level (medium-priority task) is designed for reference tracking in order to apply the treatment with the tool on a specific area of the surface: deviations from the reference trajectory are allowed if such deviations are required to satisfy the above constraints. The third level (low-priority task) is considered only for the case of redundant robots (e.g., the one used in the experiments in Sec. 5) in order to keep the robot close to the home configuration.
The input to these tasks is the robot state fq; _ qg, and the vector F of forces and torques detected by a sensor located at the robot tool, whereas each task gives an acceleration equality whose square error must be minimized.
Lie Derivatives.
The acceleration equality for the first level is obtained below using the SMC presented in Sec. 3 . In order to use this theory, a dynamical system in the form of Eq. (8) is considered with the state vector x ¼ q
, and the input vector u ¼ € q c . Hence, the model is a double integrator, and from Eq. (4), the state equation results in
and, therefore, the Lie derivatives for the constraint function / i are given by
4.3 Level 1: Constraints 4.3.1 Force Model. The constraints for surface treatment are defined below depending on the vector F of forces and torques between the tool and the environment, which are measured by a force sensor located at the robot end-effector. In many applications, the interaction forces between the tool and the environment can be represented by
where vector F is relative to the tool coordinate system, K s is a positive definite matrix with the stiffness coefficients, vector D s is the mechanical deformation of the sensor relative to the tool coordinate system, which depends on the robot configuration q and the position and orientation p s of the object in contact with the robot, i.e., the object being treated, and vector d s represents the dynamics not modeled by the classical elastic model [27] given by the first term in Eq. (34).
Equality
Constraints. Three equality constraints are defined for the surface treatment as follows:
where the first equality constraint is used to attain the desired force F z,ref between the tool and the surface being treated in the tool Z-axis (which is longitudinal to the robot end effector), whereas the last two equality constraints are used to keep the tool orientation perpendicular to the surface, since the torques in the tool X-and Y-axes (i.e., F a and F b ) are zero if the tool is perfectly perpendicular to the surface. Note that the torque in the Z-axis is not constrained and can be used for the specific treatment application: polishing, grinding, etc. Taking into account Eqs. (24), (32), and (34)-(37), the Lie derivative L g / eq required for the SMC in Eq. (22) is given by
where r eq is a column vector composed of all equality constraints r eq,i , K eq is a diagonal matrix composed of all parameters K eq,i , and J n is the geometric Jacobian relative to the tool coordinate system [27] , i.e., the Jacobian matrix relating the joint velocities _ q and the linear and angular velocities of the end-effector relative to the tool coordinate system.
Inequality Constraint.
The following constraint is used to adapt the tool position to the surface obstacles:
where F xy is the linear force measured by the sensor in the tool XY plane and F xy;max is the maximum allowed value for this force.
Taking
where (40), respectively, using this assumption implies that the result will not be completely accurate. However, although the Lie derivative L g / i provides the gradient vector perpendicular to the sliding surface or constraint boundary given by / i ¼ 0, a similar direction can also be used by the SMC to switch the value of the constraint functions / i from positive to negative or vice versa, see Fig. 1 . For instance, experimental results are shown in Ref. [28] for conventional SMC introducing a 30% error in the gradient computation and the control system works properly. Although the minimum required value for the switching gain u þ is reduced if the actual value of L g / i is used.
Acceleration
Under the foregoing assumption, the stiffness coefficients of the diagonal matrix K s can be included without loss of generality in the switching gain weight matrix W, so that the SMC given by Eq. (22) is modified as follows:
where A 1 and b 1 are, respectively, the matrix and vector for the first task in Eq. (5) 
where {K s,xy , K s,z } are the stiffness coefficients for the linear X/Yand Z-axes, respectively, and {K s,a , K s,b } are the stiffness coefficients for the rotational X-and Y-axes, respectively. Note that it has been assumed the same stiffness coefficient for both linear Xand Y-axes and, hence, when the inequality constraint is active, the XY-component of the tool motion given by Eq. (41) is in the opposite direction to the force vector F x F y Â Ã T detected by the sensor, see H in in Eq. (40). The SMC given by Eq. (41) only requires the control parameters fu þ ; W eq;i ; W in ; K eq;i ; K in g, the robot Jacobian, and the constraint functions f/ eq;z ; / eq;a ; / eq;b ; / in;xy g, which are computed from the force sensor measurements and their first-order time derivatives.
For the case of the chattering-free alternatives described in Sec. 3.5, the commutation functions sign / eq À Á and pos(/ in ) on the right side of Eq. (41) are replaced by the expressions in Eqs. (26)- (30) . Note that, in this case, the following additional control parameters are introduced: {K ss , K sp , K qc , K t , K st }.
Level 2:
Reference Tracking. The following equality is considered for this level: In this hybrid control law, the switching term represents a conventional SMC used to compensate the term _ J _ q of the robot secondorder kinematics (3), which yields two advantages: the Jacobian derivative is not required; and, due to the other continuous terms in the control action, the switching gain u þ 3 can be relatively small, reducing the chattering effects.
Level 3: Home
Configuration. This level is considered only for the case of redundant robots since otherwise there are no remaining degrees-of-freedom at this level. While there are various options described in the literature [29] , this work considers "pushing" the robot to a home configuration q 0 for increasing safety, away from critical areas due to, e.g., joint limits, singular configurations, or possible obstacles in the robot workspace. To achieve this purpose, the following equality is considered:
where K 3,v and K 3,p are the gains used for the velocity and position corrections, respectively, and A 3 ¼ I and b 3 are the values for the third task in Eq. (5).
Additional Remarks
4.6.1 Control Action. In this work, the joint accelerations are considered as the SM discontinuous control action, which yield two advantages: the joint velocities are continuous (smoother control) and it allows to reach smoothly the boundary of the constraints in the high-priority level. If the actual control action are the joint velocities, a pure integrator can be applied to the discontinuous control signal to compute the actual continuous control action. Similarly, if the actual control action are the joint positions, a double integrator can be applied between both signals.
Nonstatic Constraints.
The proposed approach can also be used if the constraints in level 1 are nonstatic, e.g., a moving target object for the equality constraints or moving obstacles for the inequality constraint. In this case, / i also depends explicitly on time and, therefore, the derivative of / i is replaced by
/@t, and L g / i and L f / i are given again by Eqs. (32) and (33), respectively. Thus, all developments keep unchanged except for changing L f / i to g L f / i . Hence, only the value of the lower bound for the switching gain u þ is changed when non-static constraints are considered and, therefore, the iterative computation of the algorithm remains the same.
Stability.
The stability of the SMC in the first task is guaranteed if u þ fulfills Eq. (23) and matrix L g / (excluding the nonactive inequality constraints) is full row rank. That is, taking into account Eq. (41), the row rank of the robot Jacobian has to be equal to the number of equality constraints plus the number of active inequality constraints. If this is not satisfied at a certain time, e.g., the current robot configuration is singular, the robot operation should be aborted since the fulfillment of the constraints cannot be guaranteed. For the second and third levels, which represent classical kinematic and inverse kinematic control algorithms, the reader is referred to Ref. [30] , where the stability of this kind of algorithms is analyzed in a task prioritization framework. Note also that the limitation of degrees-of-freedom for the tracking controller is the common situation in hybrid position-force control [9] .
Time Derivatives.
The proposed approach requires derivative of the force F measured by the sensor located at the robot tool. The simplest way to deal with this issue consists in using numerical differentiation, e.g., the well-known backward Euler approximation. However, some kind of filtering should be previously applied to the actual variable when non-negligible noise is present. In particular, in this work, the force signal measured by the sensor is filtered with a discrete first-order low-pass filter, where x c is used to represent its cutoff frequency, that is implemented in the sensor electronics (Net F/T interface). Note that the low-pass filters used for noise reduction must not limit the bandwidth of the control law.
4.7 Advantages of the Proposed Method. There are two main advantages of using SMC to satisfy the constraints for the robot task:
Robustness: The SMC algorithm is robust against the Lie derivatives L f / i since they are collinear [19] with the discontinuous control action. Therefore, it is not affected by the terms included in L f / i , such as the inaccuracies d c of the low-level control loop, the position and orientation p s of the object being treated by the robot and its derivative, the nonmodeled part d s of the force elastic model, the derivative of the Jacobian matrix, and the joint velocities. Even more, as discussed in Sec. 4.3.4, the computation of the Lie derivatives L g / i does not need to be completely accurate (e.g., due to considering stiffness K s as a diagonal matrix instead of a positive definite matrix, see Sec. 4.3.4), since a similar direction can also be used by the SMC to switch the value of the constraint functions / i from positive to negative or vice versa, see Fig. 1 . Low computational cost: Only partial information of the system model is used, i.e., the Lie derivatives L f / i are not needed (see the terms listed above), only the Lie derivatives L g / i are required. In particular, the SMC given by Eq. (41) Fig. 2 Experimental setup: 7R serial manipulator with a force sensor attached to the robot end-effector, a tool consisting of a cylinder and a flat rectangular plastic object as target Table 1 Algorithm executed at sampling time of T s seconds (26), (28), (29), (30)} and (27), respectively, for the chattering-free alternatives; Like in other SMC applications, the main disadvantage of the proposed method is the chattering drawback and, hence, several options are considered in the real experimentation of next section to alleviate this issue, see Sec. 3.5.
Real Experimentation
The setup used for the experiments consists of (Fig. 2) a Sawyer collaborative robot, a force/torque sensor Nano25 SI-25-25 attached to the robot end-effector, a tool consisting of a cylinder of 43 Â 43 Â 10 mm attached to the sensor to emulate a surface preparation operation, and a flat rectangular plastic object as target.
The controller is implemented in an external PC (Intel Core i5-3470 processor at 3.2GHz) using Ubuntu 16.04 as O.S., ROS Lunar distribution, Intera 5 SDK from Rethink Robotics, and the netft_rdt_driver ROS package provided by ATI Industrial Automation. All Sawyer robot, force sensor, and external PC are connected to a router and communicate via UDP protocol.
Controller Implementation.
The pseudo-code of the proposed method is shown in Table 1 . The algorithm is executed at T s seconds sampling time and incorporates the following auxiliary functions: kinematic function l(q); Jacobian matrices J and J n ; Moore-Penrose pseudoinverse (Á) † , using a tolerance to set to zero the very small singular values [31] in order to avoid extremely large values for the commanded accelerations; GetRobotStateAndForce, which returns the current robot state fq; _ qg and force vector F, which has been already filtered by the sensor electronics; and SendToJointControllers € q c ð Þ, which sends the current commanded joint acceleration vector to the joint controllers. The computation time per iteration of the algorithm in a modern computer using compiled C code was around 15 ls for the experiment in Sec. 5.
Guidelines to
Design the Control Parameters. The procedure followed in the real experimentation to design the control parameters of the conventional and nonconventional SMCs in level 1 is very similar. In particular, the steps to design the control parameters of the proposed control method are as follows. First, the cut-off frequency of the force sensor filter has to be selected to effectively remove the measurement noise. Then, the control period T s must be selected guaranteeing that the SM frequency f SM ¼ 2Ts ð Þ À1 is lower than the bandwidths of the sensor filter and low-level joint controllers, otherwise changes in the SM control action would not be properly "followed." Moreover, the bandwidth of the kinematic control performed in level 1 (given by K eq,i and K in ), level 2 (given by K T,p and K T,v ), and level 3 (given by Fig. 3 Comparison of the constraint functions r i for the standard (dark blue) and chattering-free (light green) SMCs K 3,v and K 3,p ) should be significantly lower than the SM frequency f SM for stability reasons. Note that the bandwidth of the controlled system corresponds to the bandwidth of the aforementioned kinematic controller. Reference force F z,ref can then be established depending on the requirements of the actual surface treatment task. Moreover, force F xy,max can be established as small as possible to be sensitive to the surface obstacles but not too small to avoid the accidental activation of the inequality constraint due to the pressure between the tool and the surface and the movement of the tool on the surface (in practice, one-time accidental activation is admissible, full-time accidental activation is not). Finally, the switching gains fu þ ; u þ T g, weights f W eq;i ; W in g, and chattering-free parameters fK À1 ss ; K À1 sp ; K qc ; K t ; K st g can be empirically tuned to be as small as possible in order to reduce the chattering effect while guaranteeing that the SM behavior of the control action remains effective for the task at hand.
Experiment Conditions.
The commanded joint accelerations € q c computed by the proposed algorithm are integrated to obtain the commanded joint velocities _ q c sent to the robot controller. Moreover, the parameter values used for the real experimentation are shown in Table 2 . Furthermore, for the SMC in level 1, which is given by Eq. (41), several implementations have been considered for the experiments:
Five options have been tested for the conventional SMC (which is used to satisfy the equality constraints): standard SMC, i.e., using the commutation function sign / eq À Á on the right side of Eq. (41) and other four chattering-free SMCs, which consist in replacing the term sign / eq À Á with the expressions in Eqs. (26) and (28)- (30) . Two options have been tested for the nonconventional SMC (which is used to satisfy the inequality constraint): standard SMC, i.e., using the commutation function pos / in ð Þ on the right side of Eq. (41) and another chattering-free SMC, which consists in replacing the term pos(/ in ) with the expressions in Eq. (27) .
Therefore, ten combinations have been tested for the SMC in level 1, whose parameters have been empirically tuned to obtain a good performance in each case. The complete list of parameter values used for each case is omitted for brevity.
Remark About the Comparison Study.
The experimental results shown below for the proposed SMC approach present a comparison between several chattering-free options available in the literature. The objective of this study is not to establish the best alternative to alleviate the chattering issue. In fact, a fair comparison cannot be easily guaranteed since the results are very dependent on the controller parameters, the reference trajectory, the robot task, etc. Probably, none of the tested methods would get the best results for all possible cases and tasks. Therefore, the objective of this study is just to show how the chattering drawback can be partially mitigated by slightly modifying the standard SMC.
5.5 Results. The first comparison experiment consists in tracking a circular trajectory with a fixed obstacle that limits the progress of the tool along the reference trajectory in the X-axis at a certain point. The following metrics will be used to study the quality and robustness of all the control cases:
(a) Total energy consumption (TEC): Taking into account that the chattering frequency is equal to 2T s ð Þ À1 ¼ 25Hz, which also corresponds to the Nyquist frequency of the controlled system, it will be obtained computing the average value of the magnitude of the harmonics ranging from frequency 5 Hz to 25 Hz, i.e., 20
À1
Ð 25 5 kh u;F k 2 dF, where h u;F is the vector magnitude of the harmonics with frequency F for the vector signal u. Note that the harmonics of a signal, i.e., its frequency components, can be readily obtained using the fast Fourier transform. (f) Error of the linear equality constraint (E eq,z ): average error of the equality constraint r eq,z . (g) Error of the Angular Equality Constraints (E eq,ab ): Average error of the equality constraints r eq,a and r eq,b . (h) Error of the reference tracking (E RT ): Average error of the reference tracking when the reference trajectory is not in the obstacle area. Table 3 shows the results obtained for each control case. From a global point of view, the worst case is given by the standard SMC, i.e., using the commutation functions sign(Á) and pos(Á) for the equality and inequality constraints, respectively, followed by the second case, which uses the commutation functions sign(Á) and tanhp(Á) for the equality and inequality constraints, respectively.
On the one hand, the commutation functions tanh(Á) and tanhp(Á) for the equality and inequality constraints, respectively, provide the best performance in terms of control effort and chattering reduction: the metrics TEC, MCA, CCA, and CCF are reduced to about a 63%, 84%, 47%, and 33%, respectively, with respect to the standard SMC. On the other hand, in general, the super-twisting algorithm for the equalities together with the commutation function tanhp(Á) for the inequality provides the best performance in terms of errors: the metrics E in,xy , E eq,ab , and E RT are reduced to about a 26%, 43%, and 8%, respectively, with respect to the standard SMC.
From a reliability and stability point of view, it is always preferable to minimize any mechanical chattering that may be present in the system in order to reduce undesirable stresses in the physical components, hence the chattering-free SMC used below for level 1 is the hyperbolic tangent approximation for the equalities together with the positive hyperbolic tangent approximation for the inequality. However, it is important to remark that this does not mean that this case gets the best results from a global point of view (e.g., see the metrics in Table 3 ); rather, this case is suitable to show how the chattering problem is partially mitigated, which is the objective of the comparison study presented in this work.
Figures 3-5 show a comparison between the standard SMC and the chattering-free SMC (approximation tanh for the equalities and tanhp for the inequality) in the first experiment. In particular, Fig. 3 shows the constraint functions, where it can be seen that the inequality constraint is fulfilled, i.e., max(r in,xy ) 0, and that it becomes active during five phases, which is due to the five times that the circular reference trajectory (period ¼ 10 s) reaches the obstacle area during 50 s of the experiment. However, the main purpose of this figure is to show that the chattering is significantly smaller for the chattering-free SMC, especially for the equality constraints, which gives rise to a smoother behavior as can be seen in the commutation functions depicted in Fig. 4 and in the trajectory followed by the tool shown in Fig. 5 . A video of this comparative experiment can be played at the website link. 2 In order to verify the robustness and performance of the proposed approach, a more dynamic experiment has been conducted introducing different perturbations during the tracking task: changes in the object position and orientation together with dynamic obstacles along the trajectory. The video of this experiment can be played at the website link, 2 Figure 7 shows the performance of the system in terms of constraints. It can be seen that the inequality constraint is fulfilled, i.e., max(r in,xy ) 0, and that it becomes active during 13 phases. In this regard, it is important to consider the following rationale. The appearance of obstacles in a totally random way along the reference trajectory is a relevant issue from a practical point of view. When the tool comes upon an obstacle (e.g., a protrusion on the surface), the inequality constraint becomes active and the tool does not continue in the same direction to prevent the tool breakage. However, it neither stops the execution of the task but continues in a direction similar to that given by the reference path and satisfying the inequality constraint. This behavior is reflected in the inequality constraint functions shown in Fig. 7 . For instance, at 110 seconds, an obstacle has come up. However, r in,xy does not overcome the zero value, meaning that the inequality defined in Eq. (39) is fulfilled and, hence, the force exerted never exceeds the maximum value F xy,max chosen by the user, protecting thus the integrity of the tool. This behavior is accomplished during the whole experiment, even when the flat object is held above the table.
Moreover, it can also be seen in Fig. 7 that the equality constraints are switching around zero as expected. This means that the surface treatment is being done properly: the tool orientation is perpendicular to the surface and the pressure with the tool on the surface is being kept around the desired value regardless of changes in the surface position or orientation and when obstacles are introduced along the reference trajectory. This can be better perceived in the videos of the experiments referenced earlier in this section. Figures 7 and 8 show the Cartesian trajectory followed by the reference pose and the tool pose as a function of time and the corresponding 3D representation, respectively. Note that the tracking error for the reference circular trajectory is not zero when an obstacle comes upon the trajectory (see the video), although the robot tool retrieves the reference when the obstacle is overcome.
In order to show the adaptation capability of the proposed approach, another experiment has been conducted introducing quick changes in the position and orientation of the target object. The video of this experiment can be played at the website link, 2 where it can be seen that the controller is able to dynamically adapt the tool position and orientation for wide range of values: six snapshots of this experiment are shown in Fig. 9 to illustrate that the robot tool is kept perpendicular to the surface in very challenging cases. This experiment clearly shows that the robot does not have prior knowledge about the shape and movements of the surface, and must infer them from the forces and torques measured by the sensor in order to properly accomplish the robot task. In fact, this moving target object gives rise to nonstatic equality constraints (see Sec. 4.6) that are successfully fulfilled by the proposed SMC. Obviously, the limit for the moving constraints that can be properly handled by the SMC is given by the value of the switching gain u þ .
Conclusions
A hybrid position-force control approach has been developed in this work for polishing tasks using task priority and sliding mode control. In particular, conventional and nonconventional sliding mode controls have been used to satisfy equality and inequality constraints, respectively, in order to perform the surface polishing task. In order to avoid the chattering drawback typically present in sliding mode control, several chattering-free controllers have been considered. Furthermore, two more tasks have been considered: a medium-priority task defined to track the desired reference trajectory on the surface being polished and, for the case of redundant robots, a low-priority task used to keep the manipulator close to the home configuration.
A significant contribution of this research is the development of a novel nonconventional sliding mode control to fulfill inequality constraints. In this regard, the inclusion of inequality constraints in mathematical and engineering problems is nothing new, e.g., optimization problems typically maximize or minimize an index subject to both equality and inequality constraints (recently, this type of problems has been solved in the literature using barrier functions). In fact, the inequality constraints proposed in this work could be easily solved analytically if a complete and accurate process model is available. Therefore, the novelty of the proposed approach consists in using sliding mode control to fulfill inequality constraints in order to benefit from its inherent robustness and low computational cost.
The applicability and effectiveness of the proposed approach have been substantiated by experimental results using a redundant 7R manipulator. In particular, an experimental comparison has been conducted among all the chattering-free controllers to evaluate their performance. However, it is important to remark that the objective of this comparison study was not to establish the best alternative (note that a fair comparison cannot be easily guaranteed); rather, the objective was to show how the chattering drawback can be partially mitigated by slightly modifying the standard SMC.
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